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A series of divalent metal diphenate (dip, biphenyl-2,20-dicarboxylate) coordination polymers
incorporating the kinked 4,40-dipyridylamine (dpa) ligand has been hydrothermally synthesized
and structurally characterized via single-crystal X-ray diffraction. {[Zn(dip)(dpa)]3H2O}n (1) and
{[Cu3(dip)3(dpa)3(H2O)3.5]2H2O}n (2) both display 2-D (4,4) grid topologies. {[Cu(dip)(dpa)]H2O}n (3),
a polytype of 2, possesses a non-interpenetrated 3-D 658 cds topology. {[Ni(dip)(dpa)(H2O)2]H2O}n (4)
has a 2-D grid topology similar to 1 and 2. In contrast, the cadmium congener {[Cd6(dip)6(H2O)4-
(dpa)4]5H2O}n (5) features [Cd6(dip)6(H2O)4] arc-like hexanuclear clusters that link together into 1-D
cadmium dicarboxylate rods, which are further pillared by dpa ligands to form a complicated 3-D
coordination polymer lattice with a very rare 5-connected 4466 nov 3-D non-interpenetrated cluster node
topology. Thermal properties for all phases are presented, along with luminescent properties for 1 and 5.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
Crystalline coordination polymer solids exhibit enticing proper-
ties towards diverse useful applications in hydrogen storage [1],
shape-selective molecular separations [2], cation or anion
exchange [3], heterogeneous catalysis [4], frequency doubling [5],
and luminescent sensing [6]. In addition to a utilitarian impetus,
the aesthetics of their underlying molecular structures and topolo-
gies continue to inspire additional exploratory synthetic efforts [7].
The most common anionic components used in the solution-phase
self-assembly of these coordination polymers are aromatic dicar-
boxylate derivatives such as terephthalate (bdc, 1,4-benzenedicar-
boxylate) [8] or phthalate (pht, 1,2-benzenedicarboxylate) [9], as
these are beneficial for providing both the necessary charge bal-
ance and a stable structural scaffolding. Variance in the chosen
divalent metal can have an extremely significant effect on the final
topology, stemming from specific coordination geometry prefer-
ences and resulting adjustments of dicarboxylate binding mode.
Incorporation of rigid-rod neutral dipyridyl co-ligands can enhancethe industrially useful properties and the scope of possible
structural topologies in this class of materials [8b–8e]. After
desolvation, the two-fold interpenetrated 3-D phase [Zn(bdc)
(4,40-bpy)0.5] (4,40-bpy = 4,40-bipyridine) can permit the
size-dependent separation of n-pentane from n-hexane [8f]. Use
of the long-spanning dipyridyl ligand bis(4-pyridylmethyl)
piperazine (bpmp) generated [Zn2Cl2(bdc)(bpmp)2]n, which was
the first reported example of a 1D + 1D? 1D parallel
polyrotaxane coordination polymer chain [8e].
The ortho-diaromatic dicarboxylate ligand diphenate (dip,
Scheme 1) has proven useful for the design and construction of
coordination polymers with topologies different from those con-
taining the ortho-dicarboxylate phthalate ligand [10]. The diphen-
ate ligand has an ability to adopt various twisted inter-ring
conformations in response to supramolecular conditions during
self-assembly, a feature not possible in monoaromatic ligands such
as phthalate. This behavior allows response of the dip ligand con-
formation and dicarboxylate binding mode to the presence of
dipyridyl-type coligands, often generating metal/diphenate helical
subunits and uncommon coordination polymer topologies. By way
of example, [Cu(dip)(4,40-bpy)]n and [Cu(dip)(dpee)]n (dpee =
1,2-di(4-pyridyl)ethylene) both exhibit 3-D networks with
4-connected cds 658 topology, constructed from [Cu(dip)]n
helices linked by tethering dipyridine ligands [10a]. The longer
dpee ligand permitted 2-fold interpenetration, while the
shorter 4,40-bpy ligand afforded a non-interpenetrated net
Scheme 1. Ligands used in this study.
Table 1
Crystal and structure refinement data for 1–5.
Data 1 2 3
Empirical formula C24H21N3O7Zn C72H62Cu3N9O17.5 C24H19CuN3O5
Formula weight 528.81 1523.93 492.96
Collection T (K) 173(2) 173(2) 173(2)
k (Å) 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic monoclinic
Space group P21/c P1 P21/n
a (Å) 9.1991(2) 12.529(3) 9.252(4)
b (Å) 18.6237(4) 14.085(3) 19.559(8)
c (Å) 13.3358(3) 19.191(5) 11.726(5)
a () 90 89.625(3) 90
b () 93.046(1) 75.823(3) 92.123(5)
c () 90 89.322(3) 90
V (Å3) 2281.48(9) 3283.3(14) 2120.6(15)
Z 4 2 4
D (g cm3) 1.540 1.541 1.544
l (mm1) 1.128 1.045 1.073
Minimum/maximum
trans.
0.81 0.80 0.89
hkl ranges 11 6 h 6 10,
22 6 k 6 22,
15 6 l 6 16
15 6 h 6 14,
17 6 k 6 16,
0 6 l 6 23
15 6 h 6 14,
17 6 k 6 16,
0 6 l 6 23
Total reflections 20717 18509 26598
Unique reflections 4193 12017 3895
Rint 0.0495 0.0975 0.0545
Parameters/restraints 326/7 934/0 304/0
R1 (all data) 0.0541 0.1453 0.0918
R1 (I > 2r(I)) 0.0406 0.0710 0.0539
wR2 (all data) 0.1160 0.1830 0.1379
wR2 (I > 2r(I)) 0.1064 0.1560 0.1230
Maximum/minimum
residual (e/Å3)
0.780/0.825 1.261/0.504 0.528/0.528
G.O.F. 1.053 0.925 1.066
Data 4 5
Empirical formula C24H23N3NiO7 C124H102Cd6N12O33
Formula weight 524.16 2962.58
Collection T (K) 173(2) 173(2)
k (Å) 0.71073 0.71073
Crystal system triclinic monoclinic
Space group P1 P21/n
a (Å) 9.7879(8) 24.119(3)
b (Å) 9.8414(8) 20.492(3)
c (Å) 13.3607(10) 25.637(3)
a () 104.858(1) 90
b () 108.847(1) 110.969(2)
460 L.E. Weingartz et al. / Polyhedron 114 (2016) 459–471[Zn(dip)(4,40-bpy)]n possesses a 2-fold interpenetrated 3-D
network with a rare uninodal 4-connected 4284 topology, built
from linked helical [Zn(dip)]n chains [10b].
Over the past several years our group has prepared related
dicarboxylate coordination polymer phases containing the
4,40-dipyridylamine (dpa, Scheme 1) ligand [11]. While not much
longer in dipodal span than the commonly used rigid-rod
4,40-bpy ligand [12], its kinked donor disposition and hydrogen
bonding point of contact can dramatically affect coordination poly-
mer topology. For example, while [Cd(Hpht)2(4,40-bpy)]n displays a
self-penetrated 6-connected 3-D network with 510647 topology
[9a], {[Cd(pht)(dpa)(H2O)]4H2O}n possesses a unique but simple
4-connected 7482 yyz self-penetrated topology [11b]. {[Ni(oba)
(4,40-bpy)]2H2O} (oba = 4,40-oxy(bisbenzoate) exhibited a rare
(3,5)-connected self-penetrated 3-D structure with (4.82)
(4.64.84.10) topology [13], while its dpa congener {[Ni(oba)(dpa)]
H2O} exhibited an extremely rare self-penetrated 2-D layer topol-
ogy [11c].
Given examples of intriguing topologies in previously reported
diphenate coordination polymers, and in dpa-containing solids
with other aromatic dicarboxylates such as oba and pht, we sought
to prepare analogous phases incorporating both diphenate and dpa
ligands. In this contribution we present the synthesis, structural
characterization, topological analysis, and preliminary physical
property measurements of five new divalent metal diphenate coor-
dination polymers containing 4,40-dipyridylamine: {[Zn(dip)(dpa)]
3H2O}n (1), {[Cu3(dip)3(dpa)3(H2O)3.5]2H2O}n (2), {[Cu(dip)(dpa)]
H2O}n (3), {[Ni(dip)(dpa)(H2O)2]H2O}n (4), and {[Cd6(dip)6(H2O)4-
(dpa)4]5H2O}n (5).c () 96.583(1) 90
V (Å3) 1149.50(16) 11832(3)
Z 2 4
D (g cm3) 1.514 1.663
l (mm1) 0.895 1.145
Minimum/maximum
trans.
0.91 0.58
hkl ranges 11 6 h 6 11,
11 6 k 6 11,
16 6 l 6 15
29 6 h 6 27,
0 6 k 6 24, 0 6 l 6 30
Total reflections 12679 127048
Unique reflections 4203 21678
Rint 0.0261 0.0978
Parameters/restraints 364/0 1581/27
R1 (all data) 0.0424 0.1037
R1 (I > 2r(I)) 0.0348 0.0647
wR2 (all data) 0.0933 0.2004
wR2 (I > 2r(I)) 0.0881 0.1798
Maximum/minimum
residual (e/Å3)
0.408/0.465 3.637/3.389
G.O.F. 1.041 1.0322. Experimental
2.1. General considerations
Metal salts and diphenic acid were commercially obtained.
4,40-Dipyridylamine was prepared according to a previously
published procedure [14]. Water was deionized above 3 MX cm
in-house. IR spectra were recorded on powdered samples using a
Perkin Elmer Spectrum One instrument. The luminescence spectra
were obtained with a Hitachi F-4500 Fluorescence Spectrometer on
solid crystalline samples anchored to quartz microscope slides
with Rexon Corporation RX-22P ultraviolet-transparent epoxy
adhesive. Thermogravimetric analysis was performed on a TA
Instruments Q-50 Thermogravimetric Analyzer with a heating rate
of 10 C/min up to 600 C. Elemental Analysis was carried out using
a Perkin Elmer 2400 Series II CHNS/O Analyzer.
2.2. Preparation of {[Zn(dip)(dpa)]3H2O}n (1)
Zn(NO3)26H2O (124 mg, 0.42 mmol), dpa (72 mg, 0.42 mmol),
and diphenic acid (101 mg, 0.42 mmol) were mixed with 10 mL
of distilled H2O and 1 mL of 1 M NaOH in a 23 mL Teflon-lined acid
digestion bomb. The bomb was sealed and heated in an oven at
150 C for 2 d, and then was cooled slowly to 25 C. Colorlessneedles of 1 (49 mg, 22% yield based on Zn) were isolated after
washing with distilled water, ethanol, and acetone and drying in
air. Anal. Calc. for C24H21N3O7Zn 1: C, 54.51; H, 4.00; N, 7.95.
Found: C, 54.00; H, 3.97; N, 7.64%. IR (cm1): 3266 (w, br), 3053
(w), 1614 (m), 1579 (m), 1536 (s), 1498 (m), 1475 (w), 1442 (m),
1404 (s), 1284 (w), 1271 (w), 1160 (w), 1112 (w), 1095 (w), 1043
Fig. 1. (a) Coordination environment of 1, with thermal ellipsoids shown at 50% probability. The indicated symmetry codes correspond to those in Table 2. (b) (4,4) grid
coordination polymer motif in 1. (c) Side view of layer motif in 1.
L.E. Weingartz et al. / Polyhedron 114 (2016) 459–471 461(w), 1006 (w), 989 (w), 959 (w), 885 (w), 879 (w), 820 (w), 812 (w),
753 (s), 709 (s), 678 (m), 660 (m).Table 2
Selected bond distance (Å) and angle () data for 1.
Zn1–O4#1 1.934(2) O4#1–Zn1–N1 99.19(10)
Zn1–O1 1.942(2) O1–Zn1–N1 114.50(10)
Zn1–N1 2.032(2) O4#1–Zn1–N3#2 106.04(9)
Zn1–N3#2 2.041(2) O1–Zn1–N3#2 100.53(9)
O4#1–Zn1–O1 127.46(9) N1–Zn1–N3#2 107.99(10)
Symmetry transformations: #1 x, y + 3/2, z  1/2; #2 x, y + 1/2, z + 3/2.2.3. Preparation of {[Cu3(dip)3(dpa)3(H2O)3.5]2H2O}n (2) and {[Cu
(dip)(dpa)]H2O}n (3)
Cu(ClO4)26H2O (137 mg, 0.37 mmol), dpa (63 mg, 0.37 mmol),
and diphenic acid (90 mg, 0.37 mmol) were mixed with 10 mL of
distilled H2O and 0.75 mL of 1 M NaOH in a 23 mL Teflon-lined acid
digestion bomb. The bomb was sealed and heated in an oven at
100 C for 24 h, and then was cooled slowly to 25 C. A mixture
of blue plates of 2 and purple blocks of 3 (total 105 mg, 58% yield
based on Cu) was isolated after washing with distilled water, etha-
nol, and acetone and drying in air. Samples of analytically pure 2
and 3 were obtained by careful manual separation on the basis
of crystal color. Attempts to induce formation of phase-pure
samples of either 2 or 3 by varying preparative conditions were
unsuccessful. Anal. Calc. for C72H62Cu3N9O17.5 2: C, 56.75; H,
4.10; N, 8.27. Found: C, 57.53; H, 3.91; N, 8.36%. IR 2 (cm1):
3057 (w, br), 1595 (s), 1573 (w), 1520 (s), 1437 (s), 1385 (s),
1364 (w), 1351 (s), 1286 (w), 1216 (s), 1150 (w), 1103 (w), 1061
(w), 1018 (s), 950 (w), 905 (w), 856 (s), 846 (w), 814 (s), 748 (s),
726 (w), 714 (s), 679 (s), 662 (w). Calc. for C24H19CuN3O5IR 3: C,
58.47; H, 3.89; N, 8.52. Found: C, 58.23; H, 3.83; N, 8.48%. IR 3
(cm1): 3537 (m), 3277 (w), 3040 (w), 1671 (s), 1550 (s), 1484
(s), 1447 (w), 1404 (s), 1357 (w), 1333 (s), 1303 (s), 1266 (w),
1240 (w), 1232 (w), 1215 (w), 1197 (w), 1157 (w), 1146 (m),
1125 (w), 1105 (w), 1064 (m), 1026 (m), 1011 (w), 981 (w), 965
(w), 954 (w), 933 (w), 900 (w), 875 (w), 839 (m), 822 (m), 802
(m), 768 (w), 757 (w), 743 (w), 726 (w), 707 (m), 695 (w), 678
(m), 662 (m).2.4. Preparation of {[Ni(dip)(dpa)(H2O)2]H2O}n (4)
Ni(NO3)26H2O (68 mg, 0.37 mmol), dpa (63 mg, 0.37 mmol),
and diphenic acid (90 mg, 0.37 mmol) were mixed with 10 mL of
distilled H2O and 0.75 mL of 1 M NaOH in a 23 mL Teflon-lined acid
digestion bomb. The bomb was sealed and heated in an oven at
120 C for 3 d, and then was cooled slowly to 25 C. Green needles
of 4 (138 mg, 71% yield based on Ni) were isolated after washing
with distilled water, ethanol, and acetone and drying in air. Anal.
Calc. for C24H23N3NiO7 4: C, 55.00; H, 4.42; N, 8.02. Found: C,
55.94; H, 4.00; N, 8.20%. IR (cm1): 3649 (w), 3060 (w, br), 2888
(w), 2825 (w, br), 1596 (s), 1576 (w), 1543 (w), 1520 (s), 1490
(w), 1438 (w), 1395 (s), 1346 (s), 1212 (s), 1153 (w), 1101 (w),
1062 (w), 1019 (s), 1003 (w), 949 (w), 905 (w), 849 (w), 814 (s),
771 (w), 755 (s), 730 (s), 657 (s).
2.5. Preparation of {[Cd6(dip)6(H2O)4(dpa)4]5H2O}n (5)
Cd(NO3)24H2O (129 mg, 0.42 mmol), dpa (72 mg, 0.42 mmol),
and diphenic acid (101 mg, 0.42 mmol) were mixed with 10 mL
of distilled H2O and 1 mL of 1 M NaOH in a 23 mL Teflon-lined acid
digestion bomb. The bomb was sealed and heated in an oven at
Table 3
Selected bond distance (Å) and angle () data for 2.
Cu1–N4 2.006(5) O4#2–Cu2–N2 90.47(18)
Cu1–N4#1 2.006(5) O4#2–Cu2–N3 89.31(18)
Cu1–O7#2 1.970(4) O4#2–Cu2–O1 177.54(17)
Cu1–O7#3 1.970(4) O4#2–Cu2–O3 88.29(16)
Cu2–O1 1.956(4) N1–Cu3–N5 176.2(2)
Cu2–O3 2.238(4) N1–Cu3–O10W 90.2(3)
Cu2–N2 2.020(5) N5–Cu3–O10W 93.2(3)
Cu2–N3 2.017(5) O9–Cu3–N1 90.06(19)
Cu2–O4#2 1.946(4) O9–Cu3–N5 90.75(18)
Cu3–N1 2.012(5) O9–Cu3–O10W 102.0(3)
Cu3–N5 2.018(5) O11–Cu3–N1 89.07(19)
Cu3–O9 1.938(4) O11–Cu3–N5 89.98(18)
Cu3–O11 1.927(4) O11–Cu3–O9 177.7(2)
Cu3–O10W 2.397(11) O11–Cu3–O10W 80.1(3)
Cu4–N6#4 2.015(5) N6#4–Cu4–N6 179.999(1)
Cu4–O13#5 2.002(4) N6–Cu4–O15 89.14(17)
Cu4–O13#6 2.002(4) N6#4–Cu4–O15 90.86(17)
Cu4–O15#4 2.350(4) N6#4–Cu4–O15#4 89.14(17)
N4–Cu1–N4#7 179.998(1) N6–Cu4–O15#4 90.86(17)
O7#2–Cu1–N4 91.04(18) O13#6–Cu4–N6#4 90.37(18)
O7#3–Cu1–N4 88.96(18) O13#5–Cu4–N6 90.37(18)
O7#2–Cu1–N4#7 88.96(18) O13#5–Cu4–N6#4 89.63(18)
O7#3–Cu1–N4#7 91.04(18) O13#6–Cu4–N6 89.63(18)
O7#3–Cu1–O7#2 180.0(3) O13#6–Cu4–O13#5 180.000(1)
N2–Cu2–O3 90.08(18) O13#6–Cu4–O15 90.27(15)
N3–Cu2–N2 169.0(2) O13#5–Cu4–O15 89.73(15)
N3–Cu2–O3 100.90(18) O13#5–Cu4–O15#4 90.27(15)
O1–Cu2–N2 89.65(18) O13#6–Cu4–O15#4 89.73(15)
O1–Cu2–N3 90.11(18) O15#4–Cu4–O15 180.00(10)
O1–Cu2–O3 94.16(16)
Symmetry transformations: #1x + 4,y + 1,z; #2 x + 1, y, z; #3x + 3,y + 1,z;
#4 x  1, y + 3, z + 1; #5 x  1, y, z; #6 x, y + 3, z + 1; #7 x + 3, y + 1, z.
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blocks of 5 (52 mg, 25% yield based on Cd) were isolated after
washing with distilled water and acetone, and drying in air. Anal.
Calc. for C124H102Cd6N12O33 5: C, 50.27; H, 3.47; N, 5.67. Found:
C, 49.56; H, 3.33; N 5.23%. IR (cm1): 3057 (w, br), 1595 (s),
1573 (w), 1520 (s), 1437 (s), 1385 (s), 1364 (w), 1351 (s), 1286
(w), 1216 (s), 1150 (w), 1103 (w), 1061 (w), 1018 (s), 950 (w),Fig. 2. (a) Coordination environments of 2, with thermal ellipsoids shown at 50% prob
dip)3(H2O)3.5]n chain motif in 2.905 (w), 856 (s), 846 (w), 814 (s), 748 (s), 726 (w), 714 (s), 679
(s), 662 (w).
3. X-ray Crystallography
Diffraction data for 1–5were collected on a Bruker-AXS SMART-
CCD X-ray diffractometer using graphite-monochromated Mo Ka
radiation (k = 0.71073 Å). The data were processed via SAINT [15],
and subjected for Lorentz and polarization effect and absorption
corrections using SADABS [16] for 1–4 and with REF-DELF [17] for
5. The structures were solved using direct methods with SHELXTL
[18]. All non-hydrogen atoms were refined anisotropically. Hydro-
gen atoms bound to carbon were placed in calculated positions and
refined isotropically with a riding model. Hydrogen atoms within
the water molecules and the amine groups of the dpa ligands were
found where possible by Fourier difference map and then
restrained. One of the pyridine rings within the dpa ligands in 2
was disordered equally over two sets of positions. One of the
bound water molecules in 2 was best modeled as a half-occupied
site. The crystal of 2was non-merohedrally twinned with four twin
components and the crystal of 3 was non-merohedrally twinned
with two twin components. Their twin laws were found using CELL
NOW [19]. The structure was solved and refined using only diffrac-
tion data from the major twin component in both cases. Two of
the water molecules of crystallization in 5 were disordered equally
over two sets of positions. Large residual peaks and holes near cad-
mium atoms in the Fourier difference map for 5 are ascribed to
absorption artifacts; these could not be removed with any absorp-
tion correction subroutine. Crystallographic details for 1–5 are
given in Table 1.
4. Results and discussion
4.1. Synthesis and infrared spectra
Compounds 1, 4, 5 and were prepared cleanly by hydrothermal
reaction of the requisite metal nitrate salt, diphenic acid, dpa, and
added aqueous base. The copper derivatives 2 and 3 were formedability. The indicated symmetry codes correspond to those in Table 3. (b) [Cu3(-
Fig. 3. [Cu3(dip)3(dpa)3(H2O)3.5]n (4,4) grid coordination polymer motif in 2.
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the synthesis. Fortunately they could be reasonably well separated
manually due to the obvious difference in color (blue for 2, purple
for 3). Reported yields are optimized based on trials with other sto-
ichiometric ratios of reactants. The infrared spectra of 1–5
(Figs. S1–S5) show features consistent with the structural compo-
nents as determined by single crystal X-ray diffraction. Peaks at
1536 cm1 and 1404 cm1 (1), 1523 cm1 and 1388 cm1 (2),
1550 cm1 and 1403 cm1 (3), 1520 cm1 and 1396 cm1 (4), and
1520 cm1 and 1385 cm1 (5), represent the asymmetric and sym-
metric C–O stretching frequencies of the dip ligands. A cluster of
spectral features between 680 and 870 cm1 corresponds to aro-
matic ring puckering modes within dip and dpa ligands. Broad
bands in the vicinity of 3500–3000 cm1 correspond to the N–H
stretch of the dpa ligands and the O–H stretching frequencies of
the aqua ligands and co-crystallized water molecules.
4.2. Structural description of {[Zn(dip)(dpa)]3H2O}n (1)
The asymmetric unit of compound 1 contains a divalent zinc
atom, a diphenate ligand, and a dpa ligand, along with three water
molecules of crystallization. The zinc atom displays a distorted
{ZnO2N2} tetrahedral coordination sphere, with carboxylate oxy-
gen atom donors from two dip ligands and pyridyl nitrogen donor
atoms from two dpa ligands (Fig. 1a). The bond lengths and angles
are standard for divalent zinc (Table 2).
Within 1, the dip ligands adopt a simple bis(monodentate)
binding mode, affording [Zn(dip)]n coordination polymer chains
that propagate along the c crystal direction. The dip ligands spana Zn  Zn internuclear distance of 6.772 Å, with a dihedral angle
between the phenyl rings of 68.8. Parallel [Zn(dip)]n chains are
conjoined into a sawtooth-type (4,4) grid [Zn(dip)(dpa)]n coordina-
tion polymer layer (Fig. 1b) by the dipodal dpa ligands, which span
a Zn  Zn distance of 11.461 Å. An edge-on perspective of the saw-
tooth layer motif is shown in Fig. 1c, illustrating the projection of
the aromatic rings of the dip ligands above and below the layer.
Two different grid apertures are seen within the layer motif of 1,
with Zn  Zn through space distances of 12.871 and 13.690 Å in
one aperture (grid-A), and corresponding distances of 11.569 and
14.807 in the other (grid-B). The Zn  Zn  Zn angles are closer to
right angles in grid-A, with values of 94.05 and 85.95. The
grid-B apertures are more pinched, with Zn  Zn  Zn angles of
73.91 and 106.09.
Individual [Zn(dip)(dpa)]n layers are oriented parallel to the bc
crystal planes, and stack along the a crystal direction (Fig. S6) in
an AAA pattern by means of hydrogen bonding patterns mediated
by pairs of water molecules of crystallization (Table S1). These
are anchored between the layers by hydrogen bonding acceptance
from the dpa amine groups and by hydrogen bonding donation to
both ligated and unligated dip carboxylate oxygen atoms. The
solvent accessible voids between the layers comprise 10.5% of
the unit cell volume as calculated with PLATON [20].
4.3. Structural description of {[Cu3(dip)3(dpa)3(H2O)3.5]2H2O}n (2)
The large asymmetric unit of compound 2 consists of four diva-
lent copper atoms, two of which lie on crystallographic inversion
centers (Cu1 and Cu4), three dip ligands, three distinct dpa ligands,
Fig. 4. (a) Coordination environment of 3, with thermal ellipsoids shown at 50% probability. The indicated symmetry codes correspond to those in Table 4. (b) [Cu(dip)]n chain
motif in 3.
Table 4
Selected bond distance (Å) and angle () data for 3.
Cu1–O4#1 1.945(3) O2#4–Cu2–N3#2 90.74(12)
Cu1–O4 1.945(3) O2#4–Cu2–N3#3 89.26(12)
Cu1–N1#1 1.996(3) O2–Cu2–N3#3 90.74(12)
Cu1–N1 1.996(3) O2–Cu2–O2#4 180.0
Cu2–N3#2 1.995(3) O4–Cu1–O4#1 180.0
Cu2–N3#3 1.995(3) O4–Cu1–N1#1 88.93(13)
Cu2–O2 1.950(3) O4#1–Cu1–N1#1 91.07(13)
Cu2–O2#4 1.950(3) O4#1–Cu1–N1 88.93(13)
N3#3–Cu2–N3#2 180.0(2) O4–Cu1–N1 91.07(13)
O2–Cu2–N3#2 89.26(12) N1–Cu1–N1#1 180.00(15)
Symmetry transformations: #1 x + 1, y, z + 1; #2 x + 3/2, y + 1/2, z  1/2; #3
x + 1/2, y  1/2, z + 1/2; #4 x + 1, y, z.
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molecules of crystallization. The crystallographic distinction
between the copper atoms is provoked by different coordination
geometries and dip and dpa ligand conformations. The Cu1 and
Cu4 atoms both display a Jahn–Teller distorted {CuO4N2} octahe-
dral coordination environment, with trans aqua ligands in the
elongated axial positions. Trans-disposed dpa pyridyl nitrogen
donors and trans dip carboxylate oxygen atoms lay in the equato-
rial planes. The Cu3 atom displays either a {CuO2N2} square planar
or {CuO3N2} square pyramidal geometry, depending on whether
the axial aqua ligand is present or not; on average this aqua ligand
oxygen atom position refines as half-occupied. The square plane
(or equatorial plane) is defined by two trans dpa pyridyl nitrogen
donor atoms and two dip carboxylate oxygen atoms. The Cu2 atom
has a {CuO3N2} square pyramidal geometry with an arrangement
very similar to that at Cu3 when the aqua ligand is present. Bond
lengths and angles within the varied coordination environments
are listed in Table 3. A full thermal ellipsoid view of the asymmet-
ric unit of 2 is shown in Fig. 2a, neglecting the unligated water
molecules.
As in 1, all of the dip ligands in 2 adopt a bis(monodentate)
bindingmode, although they have slightly different dihedral angles
between their respective phenyl rings (83.9, 89.0, and 82.6).
These construct [Cu3(dip)3(H2O)3.5]n coordination polymer chains
oriented along the [1 2 1] crystal direction (Fig. 2b), with Cu  Cu
distances of 5.890 Å (Cu1  Cu2), 6.579 Å (Cu2  Cu3), and
6.592 Å (Cu3  Cu4). Hydrogen bonding between the aqua ligands
and the unligated dip oxygen atoms serves to stabilize these chain
motifs (Table S1). The [Cu3(dip)3(H2O)3.5]n coordination polymer
chains are connected into [Cu3(dip)3(dpa)3(H2O)3.5]n (4,4) grid
coordination polymer layers (Fig. 3) by the dipodal dpa ligands;
these span Cu  Cu distances of 11.266, 11.103, and 11.050 Å.
The closer Cu1  Cu2 distance along the [Cu3(dip)3(H2O)3.5]n chain
submotifs is provoked by close p–p stacking between pyridyl rings
of adjacent dpa ligands (4.024 Å as measured between ring cen-
troids). Within the layer, four different grid apertures are formed,bracketed by pairs of dpa ligands and pairs of dip ligands. The lar-
ger grids have N  N distances between dpa central amine groups
of 10.326 Å (grid type A) and 10.978 Å (grid type C), while the
respective distances within the smaller grids are 4.082 Å (grid type
B) and 4.529 Å (grid type D). Thus the mixed coordination geome-
tries of 2 produce four different grid apertures, as opposed to the
presence of only two grid apertures in 1, which only has tetrahe-
dral coordination at the metal.
Adjacent [Cu3(dip)3(dpa)3(H2O)3.5]n (4,4) grid layers stack in an
offset ABAB pattern along the c crystal direction (Fig. S7). Hydrogen
bonding donation from dpa amine groups in one layer to unligated
dip oxygen atoms in neighboring layers provides the primary
supramolecular contact for the layer stacking in 2. Water molecule
pairs also engage in hydrogen bonding to unligated dip carboxylate
oxygen atoms in the small incipient channels coursing between the
layers, which occupy 7.3% of the unit cell volume.
4.4. Structural description of {[Cu(dip)(dpa)]H2O}n (3)
The asymmetric unit of compound 3 contains two copper atoms
on crystallographic inversion centers, one dip ligand, one dpa
ligand, and a water molecule of crystallization. All of the copper
L.E. Weingartz et al. / Polyhedron 114 (2016) 459–471 465atoms in 3 possess a {CuO2N2} square planar coordination
environment with trans dip oxygen atom donors and trans dpa
pyridyl nitrogen donor atoms (Fig. 4a). This contrasts with the
coordination environments of its polytype 2, which has a mixture
of square planar, square pyramidal, and octahedral coordination
environments. Bond lengths and angles within the square planar
environments of 3 are listed in Table 4.
As in 2, the dip ligands adopt a bis(monodentate) binding mode,
although here in 3 they are all crystallographically identical with
an inter-ring torsion angle of 83.4. These construct [Cu(dip)]n
coordination polymer chains (Fig. 4b) that are arranged parallel
to the c crystal direction. The Cu  Cu distance through the dip
ligands measures 5.863 Å. Each [Cu(dip)]n chain connects to four
others via tethering dpa ligands, which span a Cu  Cu distance
of 10.818 Å and thus form a 3-D [Cu(dip)(dpa)]n coordination poly-
mer network (Fig. 5). There are two sets of parallel [Cu(dpa)]n chainFig. 5. [Cu(dip)(dpa)]n 3-D coordination polymer network in 3, viewed down the c axis. I
orange and are oriented perpendicular to the plane of the page.
Fig. 6. Schematic perspective of the 658 cds topology in 3. In the online version of thmotifs within the structure of 3, one set aligned along ½1 1 0 and
the other along [110]. Topological analysis with TOPOS [21] of
the underlying 4-connected net reveals the presence of a
non-interpenetrated, non-diamondoid 658 topology cds frame-
work, which is shown schematically in Fig. 6. Water molecules of
crystallization are located within small incipient channels totaling
5.9% of the unit cell volume, anchored to the coordination polymer
framework by accepting hydrogen bonds from the dpa central
amine groups and donating hydrogen bonds to unligated dip
carboxylate oxygen atoms (Table S1).4.5. Structural description of {[Ni(dip)(dpa)(H2O)2]H2O}n (4)
The asymmetric unit of compound 4 contains two divalent
nickel atoms on crystallographic inversion centers, one dip ligand,n the online version of this article, the [Cu(dip)]n chain motifs are shown in red and
is article, the dip and dpa ligands are shown as red and green rods, respectively.
Table 5
Selected bond distance (Å) and angle () data for 4.
Ni1–O2#1 2.0417(16) Ni2–O4 2.0497(16)
Ni1–O2 2.0417(16) Ni2–O4 2.0497(16)
Ni1–O5 2.0874(16) Ni2–N2#2 2.0961(19)
Ni1–O5#1 2.0874(16) Ni2–N2#3 2.0961(19)
Ni1–N3#1 2.1137(19) Ni2–O6 2.1031(18)
Ni1–N3 2.1138(19) Ni2–O6 2.1031(18)
O2#1–Ni1–O2 180.0 O4–Ni2–O4#4 180.0
O2#1–Ni1–O5 92.79(7) O4–Ni2–N2#2 90.32(7)
O2–Ni1–O5 87.21(7) O4#4–Ni2–N2#2 89.68(7)
O2#1–Ni1–O5#1 87.22(7) O4–Ni2–N2#3 89.68(7)
O2–Ni1–O5#1 92.78(7) O4#4–Ni2–N2#3 90.32(7)
O2–Ni1–N3#1 91.41(7) O4–Ni2–O6#4 90.79(7)
O2#1–Ni1–N3#1 88.59(7) O4#4–Ni2–O6 90.79(7)
O2–Ni1–N3 88.59(7) O4–Ni2–O6 89.21(7)
O2#1–Ni1–N3 91.41(7) O4#4–Ni2–O6#4 89.21(7)
O5–Ni1–O5#1 180.00(8) N2#2–Ni2–N2#3 180.00(17)
O5–Ni1–N3#1 88.83(7) N2#2–Ni2–O6#4 88.72(8)
O5#1–Ni1–N3#1 91.17(7) N2#3–Ni2–O6#4 91.28(8)
O5#1–Ni1–N3 88.83(7) N2#2–Ni2–O6 91.28(8)
O5–Ni1–N3 91.17(7) N2#3–Ni2–O6 88.72(8)
N3#1–Ni1–N3 180.0 O6#4–Ni2–O6 180.0
Symmetry transformations: #1 x + 1, y + 1, z + 1; #2 x, y, z + 1; #3 x, y,
z  1; #4 x, y, z.
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pyridyl rings, and a water molecule of crystallization. Unlike its
copper congener 2, in which some of the copper atoms display
an octahedral coordination environment, all of the nickel atoms
in 4 adopt a {NiO4N2} octahedral coordination geometry. The
ligand set is defined by pairs of trans dpa pyridyl nitrogen donor
atoms, trans aqua ligands, and trans dip carboxylate oxygen donor
atoms. Bond lengths and angles within the coordination spheresFig. 7. (a) Coordination environment of 4, with thermal ellipsoids shown at 50% proba
(H2O)2]n chain motif in 4. (c) (4,4) grid coordination polymer motif in 4.are listed in Table 5. A view of the complete coordination environ-
ments in 4 is shown as thermal ellipsoids in Fig. 7a.
As in both 1 and 2, the dip ligands prefer a bis(monodentate)
binding mode, joining nickel atoms in a [Ni(H2O)2(dip)]n coordina-
tion polymer chain (Fig. 7b) with a Ni  Ni through-ligand distance
of 7.021 Å. The inter-ring torsion angle within the dip ligands sub-
tends 86.9. The chain motifs are oriented parallel to [111] and are
linked into [Ni(H2O)2(dip)(dpa)]n (4,4) grid coordination polymer
layers (Fig. 7c) by dipodal dpa ligands that span a Ni  Ni distance
of 11.192 Å. As in 1, two different grid apertures are observed,
although these have the same Ni  Ni distances (13.060 Å and
13.361 Å) and the same Ni  Ni  Ni angles (88.55 and 91.45).
The difference between the grid apertures is provided by the
arrangement of dpa ligand tethers. Within one grid aperture type,
the dpa ligands bracketing them bow outwards in a convex fash-
ion; in the other grid aperture type they bow inwards in a concave
manner. The aromatic rings of the dip ligands project towards the
interior of the convex apertures.
Adjacent [Ni(H2O)2(dip)(dpa)]n (4,4) grids stack along the b
crystal direction in an AAA pattern (Fig. S8), with hydrogen bonding
donation from the dpa amine groups to unligated dip carboxylate
oxygen atoms providing the supramolecular interactions necessary
(Table S1). Pairs of water molecules of crystallization are anchored
to the coordination polymer layers by donating hydrogen bonds to
unligated dip oxygen atoms. These fill small incipient channels
totaling 8.6% of the unit cell volume.4.6. Structural description of {[Cd6(dip)6(H2O)4(dpa)4]5H2O}n (5)
Single crystal X-ray diffraction revealed that 5 crystallizes in the
centrosymmetric triclinic space with a very large asymmetric unitbility. The indicated symmetry codes correspond to those in Table 5. (b) [Ni(dip)
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completely deprotonated dip ligands, four dpa ligands (N1–N3,
dpa-A; N4–N6, dpa-B; N7–N9, dpa-C; N10–N12, dpa-D), four aqua
ligands, and five total water molecules of crystallization. The six Cd
atoms and six dip ligands form a [Cd6(dip)6(H2O)4] hexanuclear
arc-like cluster (Fig. 8) connected by a variety of dip binding
modes. As measured by the Cd1  Cd6 through-space gap, the dis-
tance across the hexanuclear cluster spans approximately 14.6 Å.
The following discussion of the coordination environments
employs the atom and ligand name convention shown in the
figure. Cd1, on the periphery of the cluster, possesses a {CdO6N}
distorted pentagonal bipyramidal coordination environment, with
chelating carboxylate groups from dip-F and dip-E ligands situated
in the equatorial plane. A chelating carboxylate group from a dip-D
ligand spans an equatorial and an axial site. The remaining axial
site is taken up by a pyridyl nitrogen atom from a dpa-B ligand.
Cd2 manifests a {CdO4N2} octahedral coordination sphere with
trans pyridyl donors from dpa-C and dpa-D ligands. Single oxygen
donors from a 2,20-chelating carboxylate group of dip-E are located
in cis positions at Cd2, as are single oxygen donors from each car-
boxylate group of dip-D, also in a 2,20-chelating fashion. A distorted
{CdO6N} pentagonal bipyramidal coordination environment is seen
at Cd3, with axial positions occupied by an aqua ligand and a dpa-A
pyridyl nitrogen atom. In its equatorial sites are a second aqua
ligand and chelating carboxylate groups from dip-C and dip-D
ligands. Cd4 adopts a {CdO5N} octahedral coordination environ-
ment, with a dpa-D pyridyl nitrogen donor, single oxygen donors
from both carboxylate groups of a dip-C ligand, a chelating car-
boxylate group from dip-A, and a single oxygen donor from a
dip-B ligand taking up the six coordination sites. Cd5 also displays
an octahedral coordination environment but with a {CdO4N2}
arrangement. The axial positions at Cd5 are occupied by pyridyl
nitrogen donors from dpa-A and dpa-B ligands. In the equatorial
plane lie donors from 2,20-chelating dip-B and dip-A ligands. Cd6
possesses a {CdO6N} pentagonal bipyramidal coordination envi-
ronment, with a dpa-C pyridyl nitrogen atom and an aqua ligand
sitting in the axial sites. The equatorial plane contains another
aqua ligand along with chelating carboxylate groups from dip-A
and dip-F.Fig. 8. [Cd6(dip)6(H2O)4] hexanuclear arc-like cluster in 5. OnlyWithin the cluster, bridging oxygen atoms from dip-A and dip-B
create a rhomboid {Cd2O2} metallacycle, as do bridging oxygen
atoms from dip-D and dip-E. The Cd4  Cd5 and Cd1  Cd2 dis-
tances within these four-membered rings are 3.89(2) and 3.94
(2) Å, respectively. Bond lengths and angles within the
crystallographically distinct coordination spheres in 5 are listed
in Table 6.
Several dip binding modes are on display within the
[Cd6(dip)6(H2O)4] hexanuclear arc-like cluster, as shown in
Scheme 2. Exotridentate dip-A and dip-D ligands with a l3:jO,
O0:O0,O00:O00,O000 binding mode serve to anchor each side of the
hexanuclear arc, linking Cd4/Cd5/Cd6 and Cd1/Cd2/Cd3 sets
respectively. Both dip-C and dip-E have an exobidentate l2:jO,
O0:O0,O00 binding mode in which one carboxylate oxygen atom
remains unligated due to hydrogen bonding to the aqua ligands
on Cd3. These serve to bridge Cd4/Cd3 and Cd1/Cd2, respectively.
Only two of the oxygen atoms are ligated within dip-B, which
shows a l2:jO,O00:O00 binding mode, bridging Cd4 and Cd5 atoms.
One of the unligated oxygen atoms of dip-B engages in hydrogen
bonding acceptance from an aqua ligand bound to Cd6. Connecting
Cd1 and Cd6 atoms in neighboring [Cd6(dip)6(H2O)4] hexanuclear
clusters are bridging dip-F ligands, which adopt a bis(chelating)
l2:jO,O0:O00,O000 binding mode. Thus, individual [Cd6(dip)6(H2O)4]
hexanuclear clusters are extended into 1-D [Cd6(dip)6(H2O)4]n
chain motifs (Fig. 9) that are aligned parallel to the ½1 0 1 crystal
direction. In order to accommodate the various binding and
bridging modes within the hexanuclear cluster and between neigh-
boring clusters, the individual dip ligands exhibit differing degrees
of inter-ring torsion. From dip-A through dip-F sequentially, the
inter-ring dihedral angles measure 62.3, 57.4, 46.0, 57.4,
70.2, and 66.7, respectively.
By means of the bridging dpa ligands, every [Cd6(dip)6(H2O)4]
hexanuclear cluster connects to three other [Cd6(dip)6(H2O)4]
hexanuclear clusters, each of which belongs to a different 1-D
[Cd6(dip)6(H2O)4]n chain motif. One of these inter-cluster, inter-
chain connections is provided by two dpa-B and two dpa-C ligands.
The other two inter-cluster, inter-chain connections are provided
by one dpa-A and one dpa-D ligand each. The Cd  Cd contact dis-
tances through the dpa ligands range from 11.732 Å to 12.121 Å.the pyridyl nitrogen atoms of the dpa ligands are shown.
Table 6
Selected bond distance (Å) and angle () data for 5.
Cd1–N1 2.254(6) N7–Cd2–O1 86.4(2)
Cd1–O7 2.268(6) O10–Cd2–O1 138.9(4)
Cd1–N4 2.271(6) O2S–Cd2–O1 107.1(3)
Cd1–O3 2.362(5) O2–Cd2–O1 52.3(2)
Cd1–O5 2.380(5) N9–Cd3–N12#1 171.4(2)
Cd1–O1 2.387(6) N9–Cd3–O19 92.0(2)
Cd2–O1S 2.261(8) N12#1–Cd3–O19 95.6(2)
Cd2–N7 2.299(7) N9–Cd3–O17 86.1(2)
Cd2–O10 2.302(9) N12#1–Cd3–O17 96.8(2)
Cd2–O2S 2.334(13) O19–Cd3–O17 97.21(18)
Cd2–O2 2.460(8) N9–Cd3–O15 86.9(2)
Cd2–O1 2.551(5) N12#1–Cd3–O15 89.6(2)
Cd2–C48 2.578(18) O19–Cd3–O15 86.31(18)
Cd3–N9 2.257(6) O17–Cd3–O15 172.33(17)
Cd3–N12#1 2.281(6) N9–Cd3–O13 87.6(2)
Cd3–O19 2.292(5) N12#1–Cd3–O13 85.6(2)
Cd3–O17 2.313(5) O19–Cd3–O13 169.81(19)
Cd3–O15 2.339(5) O17–Cd3–O13 72.60(18)
Cd3–O13 2.440(6) O15–Cd3–O13 103.83(18)
Cd4–N6 2.276(7) N6–Cd4–O12#2 124.4(3)
Cd4–O12#2 2.347(9) N6–Cd4–O13 121.1(2)
Cd4–O13 2.383(6) O12#2–Cd4–O13 97.3(2)
Cd4–O18 2.412(6) N6–Cd4–O18 98.3(3)
Cd4–O11#2 2.420(5) O12#2–Cd4–O18 108.8(3)
Cd4–O17 2.475(5) O13–Cd4–O18 105.80(19)
Cd4–O14 2.486(7) N6–Cd4–O11#2 84.9(2)
Cd4–C61#2 2.722(10) O12#2–Cd4–O11#2 54.7(2)
Cd5–O21 2.187(5) O13–Cd4–O11#2 151.05(19)
Cd5–N10 2.260(6) O18–Cd4–O11#2 80.45(18)
Cd5–O4 2.385(5) N6–Cd4–O17 83.4(2)
Cd5–O3 2.412(4) O12#2–Cd4–O17 151.0(3)
Cd5–O5 2.438(5) O13–Cd4–O17 70.80(18)
Cd5–O23 2.621(6) O18–Cd4–O17 53.27(17)
Cd5–C14 2.748(7) O11#2–Cd4–O17 129.55(17)
Cd6–O24#3 2.244(5) N6–Cd4–O14 86.5(3)
Cd6–O3S 2.253(5) O12#2–Cd4–O14 87.1(3)
Cd6–O4S 2.298(5) O13–Cd4–O14 52.98(19)
Cd6–O16#4 2.306(5) O18–Cd4–O14 156.0(2)
Cd6–N3 2.310(6) O11#2–Cd4–O14 123.5(2)
N1–Cd1–O7 95.8(2) O17–Cd4–O14 104.5(2)
N1–Cd1–N4 172.9(2) O21–Cd5–N10 124.0(2)
O7–Cd1–N4 90.7(2) O21–Cd5–O4 133.27(18)
N1–Cd1–O3 88.62(19) N10–Cd5–O4 92.45(19)
O7–Cd1–O3 174.1(2) O21–Cd5–O3 106.27(17)
N4–Cd1–O3 84.66(19) N10–Cd5–O3 128.48(19)
N1–Cd1–O5 87.47(19) O4–Cd5–O3 54.95(15)
O7–Cd1–O5 106.0(2) O21–Cd5–O5 103.16(17)
N4–Cd1–O5 88.0(2) N10–Cd5–O5 88.5(2)
O3–Cd1–O5 70.21(17) O4–Cd5–O5 106.22(16)
N1–Cd1–O1 94.8(2) O3–Cd5–O5 68.44(17)
O7–Cd1–O1 83.3(2) O21–Cd5–O23 77.82(17)
N4–Cd1–O1 88.7(2) N10–Cd5–O23 85.5(2)
O3–Cd1–O1 100.19(17) O4–Cd5–O23 77.15(16)
O5–Cd1–O1 170.11(17) O3–Cd5–O23 117.87(17)
O1S–Cd2–N7 163.6(3) O5–Cd5–O23 173.26(17)
O1S–Cd2–O10 108.3(3) O24#3–Cd6–O3S 127.8(2)
N7–Cd2–O10 87.8(3) O24#3–Cd6–O4S 98.1(2)
O1S–Cd2–O2S 92.0(4) O3S–Cd6–O4S 86.70(18)
N7–Cd2–O2S 84.3(3) O24#3–Cd6–O16#4 85.1(2)
O10–Cd2–O2S 112.7(4) O3S–Cd6–O16#4 147.14(18)
O1S–Cd2–O2 90.8(4) O4S–Cd6–O16#4 88.37(18)
N7–Cd2–O2 86.8(3) O24#3–Cd6–N3 100.8(2)
O10–Cd2–O2 86.8(3) O3S–Cd6–N3 88.6(2)
O2S–Cd2–O2 158.2(3) O4S–Cd6–N3 159.2(2)
O1S–Cd2–O1 79.4(3) O16#4–Cd6–N3 84.6(2)
Symmetry transformations: #1 x + 1/2, y + 3/2, z + 1/2; #2 x + 1/2, y + 1/2, z
+ 1/2; #3 x  1/2, y  1/2, z + 1/2; #4 x  1/2, y + 1/2, z  1/2.
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Fig. 10, a rather complicated 3-D {[Cd6(dip)6(dpa)4(H2O)4]6H2O}n
coordination polymer network is formed (Fig. 11). Isolated water
molecules and short discrete four-water molecule chains are
located within the small solvent-accessible incipient voids in the
3-D network, which occupy 7.2% of the entire unit cell volume.A simplified representation of the underlying 3-D topology of 5
can be generated by treating the [Cd6(dip)6(H2O)4] clusters as
5-connected nodes, in which two of the connections occur within
a single [Cd6(dip)6(H2O)4] chain, and three connections are made
to hexanuclear clusters in neighboring chains via dpa ligands.
Topological analysis performed with TOPOS reveals a rare non-
interpenetrated 4466 nov network (Fig. 12), which has an extended
Vertex symbol of [4.4.4.4.6.63.65.65.65.65]. Only two prior examples
of the nov net have been reported in the coordination polymer lit-
erature to the best of our knowledge: in the doubly interpenetrated
copper dicyanamide phase [Cu2(2,5-dimethylpyrazine)(N(CN)2)4]n
[22], and in [Cd(NCS)2(l-4-(4-pyridyl)pyrazole)]n, [23] in which
[Cd(NCS)2]n (6,3) irregular graphitic subnets are pillared by the
dipodal nitrogen donors into a 5-connected net.
4.7. Luminescent Properties of 1 and 5
Irradiation of solid samples of 1 and 5 with ultraviolet light
(kex = 245 nm) resulted in violet light emission with broadened
spectral profiles with kmax = 395 nm in both cases (Fig. 13). By
comparison to other luminescent d10 metal-containing coordina-
tion polymers with similar ligands, the source of the emissive
behavior is likely the electronic transitions between p–p⁄ molecu-
lar orbitals within the aromatic ring systems of the dip and dpa
ligands [24].
4.8. Thermal properties
Samples of 1–5 were subjected to thermogravimetric analysis
to investigate their dehydration and decomposition behavior. For
compound 1, a two-step mass loss totaling 18.4% between 25 C
and 275 C marked the removal of the water molecules of crystal-
lization along with decarboxylation of the diphenate ligand (18.5%
calc’d). Continued organic ligand ejection occurred above 275 C.
The final mass remnant of 25.0% was consistent with a deposition
of ZnCO3 (23.6% calc’d) at 600 C.
For compound 2, a 3.9% mass loss occurred between 25 C and
110 C, indicating loss of the water molecules of crystallization
(2.3% calc’d) along with some of the aqua ligands. Dehydration
was complete by 250 C, with the total mass loss of 5.5%
corresponding roughly to the 6.4% predicted for the loss of all
bound and unligated water molecules. It is plausible that some of
the water molecules of crystallization were lost on long term
storage (60 d). The final mass remnant of 21.0% at 600 C was
consistent with a mixture of CuCO3 (24.3% calc’d) and CuO
(15.7% calc’d).
Compound 3 underwent dehydration between 25 C and 170 C,
with a mass loss of 3.7% matching well with the predicted value
(4.1%). The mass was then largely stable until 250 C, whereupon
ligand ejection occurred. The final remnant of 20.0% at 600 C
was consistent with a mixture of CuCO3 (25.0% calc’d) and CuO
(16.1% calc’d), as was the case for 2. Compound 4 underwent a
4.0% mass loss between 25 C and 135 C, consistent with the
removal of one molar equivalent of water molecules of crystalliza-
tion (3.4% calc’d) along with some of the aqua ligands bound to
nickel. The total mass loss between 25 C and 225 C was consis-
tent with ejection of all water molecules, both bound and unbound
(8.8% obs’d, 10.2% calc’d). Removal of the organic components pro-
ceeded above 310 C. The remnant of 25.6% at 600 C was consis-
tent with the formation of NiCO3 (22.6% calc’d) along with some
uncombusted organic material.
The complicated cadmium coordination polymer 5 underwent
complete dehydration between 25 C and 120 C, with an observed
mass loss of 3.3% matching well with the expected value of 3.0%.
The mass was virtually constant to 300 C, with ligand combustion
occurring above this temperature. The mass remnant of 52.9% is
Scheme 2. Diphenate binding modes in 5.
Fig. 9. 1-D [Cd6(dip)6(H2O)4]n chain motif in 5.
L.E. Weingartz et al. / Polyhedron 114 (2016) 459–471 469indicative of deposition of CdCO3 (34.9% calc’d) along with a sub-
stantial amount of organic residue. Thermograms for 1–5 are
shown in Figs. S10–S14, respectively.
5. Conclusions
The ability of the diphenate ligand to adopt different twisted
conformations and carboxylate binding mode has allowed it to
respond to the specific requirements of metal coordination geom-
etry in the self-assembly of divalent metal coordination polymers
containing the hydrogen-bonding capable dpa ligand. Standard
(4,4) grids were seen in the tetrahedrally coordinated zinc deriva-
tive 1, the mixed square planar and square pyramidally coordi-
nated copper derivative 2, and the octahedrally coordinated
nickel derivative 4. In these cases, the different diphenate twists
permit adoption of a bis(monodentate) carboxylate bridging mode,
which results in metal diphenate chain motifs that are in turn
bridged into rectangular grids by the dipodal dpa ligands. How-
ever, other coordination environments provoked a marked vari-ance in coordination polymer topology. Compound 3, the
supramolecular polytype of compound 2, has only square planar
coordinated copper centers and in turn generated a less common
3-D cds topology. The kinetics and energetics of the formation of
2 and 3must be similar, as they were obtained together in approx-
imately equal ratio during synthesis and required manual separa-
tion on the basis of crystal color. The underlying topology of 3 is
identical to the topologies of both [Cu(dip)(4,40-bpy)]n and [Cu
(dip)(dpee)]n, but shows a non-interpenetrated network consistent
with the shorter tethering ligand of the former. The cadmium
derivative 5 exhibits both octahedral and pentagonal bipyramidal
coordination environments, which instills the formation of unique
hexanuclear [Cd6(dip)6(H2O)4] arc-like clusters that are further
linked into an exceedingly rare 3-D 5-connected 4466 topology
nov net through sets of bridging dpa ligands. Compound 5 is the
first reported dicarboxylate coordination polymer to manifest this
rare yet simple 5-connected topology. These five compounds rep-
resent the first known examples of diphenate-based divalent metal
coordination polymers with the 4,40-dipyridylamine kinked linker.
Fig. 10. Connectivity of [Cd6(dip)6(H2O)4] hexanuclear clusters through dpa ligands in 5. The aromatic rings of the dip ligands have been removed for clarity. In the online
version of this article, individual [Cd6(dip)6(H2O)4] hexanuclear clusters are shown in green, red, magenta, and orange.
Fig. 11. Complicated {[Cd6(dip)6(dpa)4(H2O)4]6H2O}n 3-D coordination polymer network in 5.
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Fig. 12. Schematic view of the rare non-interpenetrated 4466 nov network in 5.
Violet spheres represent [Cd6(dip)6(H2O)4] hexanuclear cluster nodes. Red and blue
lines represent the dip- and dpa-based connections, respectively. The color legends
refer to the online version of this article.
Fig. 13. Emission spectra for 1 and 5.
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